An experimental investigation was carried out to generate the complete stress-strain curves of steel fibre reinforced high strength concrete under axial compression. The experimental program consisted of testing 100 x 200 mm concrete cylinders. The experimental variables of the study were concrete strength levels (58.03 MPa and 76.80 MPa), volume fractions (0.5% to 2.0%) and aspect ratios (20 and 40) of flat crimped steel fibres. The effect of the mixed aspect ratio of fibres on the stress-strain behavior of steel fibre high strength concrete was also studied by blending short and long fibres. The effects of these variables on the stress-strain curves are presented and discussed. The results indicate that high strength concrete can be made to behave in a ductile manner by the addition of suitable fibres. It is concluded that short fibres are more effective in controlling early cracking, thereby enhancing the strength of the composite, whereas long fibres are more effective in providing post peak toughness. Concrete strength seemed to have an adverse effect on the deformability of fibre reinforced high strength concrete. Based on the test data obtained, a simple model is proposed to generate the complete stress-strain relationship for steel fibre reinforced high strength concrete. The proposed model has been found to give a good representation of the actual stress-strain response.
Introduction
The gradual development of concrete technology has promoted the use of high strength concrete. Recently, concrete strengths much higher than 60 MPa have gained acceptance in the construction industry. Higher compressive strengths, greater modulus of elasticity and substantial savings resulting from the reduction in cross sections, are all properties of high strength concrete (HSC) that appeal to designers. One of the main applications of HSC is in the lower-storey columns of tall buildings. However, high strength concrete when subjected to short term or sustained loads tends to be brittle, lacking the plastic deformation typical in normal strength concrete. This behavior of high strength concrete raises questions about the application of the material to structures, especially in seismic regions.
It is well documented now that the addition of small, closely spaced and uniformly dispersed discrete fibers to concrete substantially improves many of its engineering properties such as tensile strength, flexural strength, fracture toughness, resistance to fatigue, impact and thermal shock. Many researchers have studied the behavior of fibre-reinforced normal strength concrete under compression (Fanella and Naaman 1985 , Ezeldin and Balaguru 1992 , Nataraja et al. 1999 , Shah and Naaman 1976 , Hughes and Fattuhi 1971 . Typical stress-strain curves of fibre reinforced concrete in compression show a marginal increase in peak stress, an appreciable increase in strain at the peak stress and substantially higher toughness, where toughness is a measure of the ability to absorb energy. However, only a few studies exist on the behavior of steel fibre reinforced high strength concrete under compression (Hsu and Hsu 1994 , Mansur et al. 1999 , Campione et al. 1999 . Mohammadi and Kaushik (2003) investigated the possibility of combining fibers of various lengths (mixed aspect ratio) in the normal strength concrete matrix and concluded that improvements in both peak stress and post peak toughness can be achieved under compression, which are better than those achieved if fibers with only one aspect ratio are used. Pantazopoulou and Zanganeh (2001) studied the stress-strain behavior of steel fibre reinforced concrete in axial and tri axial compression by blending short micro fibres with long steel fibres. They observed that for the given mixed content of these fibres, the addition of micro fibres increased the pre-peak stiffness, while the longer fibres improved the post-peak toughness of the composite. These studies have definitely proved the viability of a mixed aspect ratio of fibres as an attractive option for modifying the compressive behavior of the concrete matrix.
Recently some studies have been reported, where various types of fibres have been used along with lateral confining steel to improve the post peak performance of reinforced concrete columns (Foster and attard 2001 , Ramesh et al. 2003 , Paultre et al. 1996 . It has been shown that columns cast with suitable randomly distrib-uted discrete fibres show superior performance to comparable specimens cast without fibres, particularly with respect to post failure ductility. These studies have indicated that the fibres provide indirect confinement to the concrete and could serve the same purpose as that achieved by providing lateral confining steel in reinforced concrete columns. Further, it has been shown that steel fibres coupled with a moderate amount of lateral ties could be a good alternative to the high amount of lateral confining steel required for high strength concrete columns in seismic regions. Obviously, these recent studies have shown that fibre is a potential material for structural application in high strength concrete columns.
As part of a continuing research program aimed at investigating the strength and deformability of steel fibre reinforced high strength concrete columns, the present study attempts to investigate the stress-strain behavior of steel fibre reinforced high strength concrete under unconfined axial compression. To this end the various parameters employed are strength of concrete, fibre volume fraction, aspect ratio of fibres and mixed aspect ratio of fibres. In addition, a simple model capable of predicting the complete stress-strain curve for steel fibre reinforced high strength concrete under unconfined compression is developed.
Research significance
The most fundamental requirement in predicting the behavior of reinforced concrete structures is the knowledge of stress-strain behavior of the constituent materials. As concrete is basically used to resist compression, the knowledge of its behavior in compression is very important. Further if the behavior of unconfined and confined concrete in uniaxial compression is known, its flexural behavior can also be predicted. Therefore, over the last few decades, a considerable volume of research has been directed towards generating the stress-strain relationships for compressed concrete both in confined and unconfined states. As the use of fibres is now being encouraged to compensate the ductility loss of high strength concrete columns, the complete stress-strain relationships of fibrous concrete are required in both confined and unconfined states in order to analyze and design such fibre reinforced concrete columns. However, only few studies that describe the stress-strain behavior of fibre reinforced high strength concrete have been reported in the literature (Hsu and Hsu 1994 , Mansur et al. 1999 , Campione et al. 1999 ). An attempt has been made in the present study to obtain experimentally a complete stress-strain curve and to develop empirical equations in terms of this measured curve for steel fibre reinforced high strength concrete in unconfined compression.
Experimental program
This section describes the experimental program planned for investigating the influence of various parameters of flat crimped steel fibres on the stress strain behavior of high strength concrete under axial compression.
Material properties
Two high strength concrete mixes (Mix 1 and Mix 2) were employed in the study. The materials consisted of 43 grade Ordinary Portland Cement conforming to IS: 8112-1989, natural river sand, crushed stone aggregate with a maximum size of 10 mm, tap water for mixing and curing, silica fume and a superplasticizer admixture to maintain adequate workability of the mix. Concrete Mixes 1 and 2 had respectively 28 days average cube (150 x 150 x 150 mm) compressive strengths of 68.4 and 87.5 MPa, and average cylinder (100 x 200 mm) strengths of 58.03 and 76.80 MPa, respectively. Table 1 lists the mix proportions and 28 days compressive strengths of both mixes. The fibres used were flat crimped steel fibres with a cross section of 2 mm x 0.6 mm (equivalent diameter = 1.24 mm). Two different lengths, short (25 mm) and long (50 mm), of these fibres were used to give aspect ratios of 20 and 40 (Fig.  1) . Their ultimate tensile strengths were 826.61 MPa and 776.20 MPa, respectively.
Mixing casting and curing
The dry cement and aggregates were mixed for 1 minute in a tilting type rotary drum laboratory mixer. The mixing was continued for 1 more minute while approximately 50% of water was added. The mixing was continued for approximately another 1 minute and after the mix became uniform the fibres were then sprinkled in the mixer for a period of 2 minutes. Finally, the remaining water along with the superplasticizer was added and mixing was continued for an additional 2 minutes. In the specimens where mixed aspect ratios of fibres were used, the short and long fibres were mixed together as per the desired mix proportions in a tray and then sprinkled into the mixer. A desired level of workability was achieved for both mixes at all the fibre volume fractions by using a new range water-reducing admixture (superplasticizer). It was even possible to measure the slump of fibrous concrete using a laboratory slump cone apparatus, which gave slump values ranging from 65mm to 105mm depending upon the mix type and fibre content, which seem to be quite satisfactory.
A number of different series of cylindrical specimens (100 x 200 mm) for the two mixes were cast. While it would have been preferable to use specimens with a diameter much greater than the length of the fibres, this was not possible because of the limited capacity of the testing machine. Flat crimped steel fibres at four volume fractions (0.5%, 1.0%, 1.5% and 2.0%) and two aspect ratios (20 and 40) were used to investigate the effect of these fibre parameters on high strength concrete. To study the effect of a mixed aspect ratio of fibres, the short and long fibres were blended by weight in the mix proportions of 100%-0%, 65%-35%, 50%-50%, 35%-65%, and 0%-100% respectively at 1.5% and 2.0% of fibre volume fractions to Mix 2 and at 1.5% volume fraction to Mix 1. Ideally, the shorter fibres should be short enough (micro fibres) so that they can effectively play the role of crack arrestors at the early stage of micro cracking. However, due to the non-availability of these micro fibres indigenously and based upon the encouraging results obtained from the studies reported by Gunasekaran (1975) (short fibres = 12.5 mm and long fibres = 25 mm) and Mohammadi and Kaushik (2003) (short fibres = 25 mm and long fibres = 50 mm), the present study attempts to study the effect of mixed aspect ratios of indigenous and commercially available 25 mm and 50 mm flat crimped steel fibres on high strength concrete matrix. The details of specimens with types of mix, percentage and aspect ratio of fibres investigated are given in Table 2 . For each series, three specimens were cast in order to get the average of three results. Therefore, in all 81 specimens were cast to study the stress-strain behavior of fibrous concrete. After casting, the specimens were covered with plastic sheets and cured for 24 hours at room temperature. They were then demoulded and cured under water until testing.
Testing
All the cylindrical specimens were tested at 28 days under axial compression. Before testing, the cylinders were capped with a hard plaster to ensure parallel loading faces and constant height of the test specimens. The complete uniaxial stress-strain response of fibre reinforced concrete was obtained by testing the specimens in a 1000 kN capacity servo controlled closed loop testing machine. A slow displacement rate of loading (0.83 x 10 -2 mm/s) was employed to capture the descending portion of the stress-strain curve. An inbuilt electronic data acquisition system of the UTM recorded the axial displacement values and the corresponding loads. The data acquisition of the UTM measured the total axial displacement over the whole length of the specimen instead of middle half-length. It was expected that this would lead to higher displacement values. Therefore, to determine the quantum of discrepancy, a compressometer with two dial gauges was fixed to the specimens at the middle 100 mm length for a limited number of test specimens to measure displacement as shown in Fig. 2 . It was found that the average difference at the peak strain between the total strain measured over whole length between the platens of the testing machine and the strain at middle 100mm length measured by the dial gauges was of the order of 0.00066. Therefore, the displacements given directly by the data acquisition system over the entire length were used. Before testing, the specimens were loaded and unloaded twice up to 5% of the expected maximum load to take care of all loose joints and reduce as much as possible the curvilinear response, which would otherwise distort the initial portion of the stress-strain curve.
The shape of the uniaxial stress-strain curves is strongly affected by the testing conditions namely stiffness of the testing machine, size and shape of specimens, rate of loading etc. and concrete characteristics such as the water/cement ratio, aggregate type etc. To minimize the effects of testing conditions, careful attention was exercised to avoid variation in the testing setup.
Experimental results and discussion
The specimens were tested to study the stress-strain behavior of high strength steel fibre reinforced concrete under uniaxial compression. The observed test data is presented in the form of stress-strain curves, in which the stress value is assumed to be the ratio between the load value provided by the UTM and the nominal value of the cross section of the specimen; the strain value is obtained as the mean value of the measured deformation referred to the length of the specimen. Each curve is the average of three tests. The key parameters normally used to characterize a stress-strain curve, e.g., peak stress ' cf f , corresponding strain ' cf ε and the initial tangent modulus if E , as obtained in this test program are presented in Table 3 .
The energy absorbed in compression by fibre reinforced concrete, known as compressive toughness, is evaluated by the area under the stress-strain curve. A convenient way to quantify the ductility of fibre reinforced concrete is to use toughness, which is measured as either the toughness index T.I. or toughness ratio T.R. Researchers have proposed various definitions to compute T.I. or T.R. in the past (Fanella and Naaman 1985 , Ezeldin and Balaguru 1992 , Nataraja et al. 1999 . In this study, the toughness is measured as toughness ratio, T.R. cf , which is the ratio of toughness of fibre reinforced concrete to that of a rigid plastic material (Fig. 3) . Note that the toughness in each case is computed as the total area under the stress-strain curve up to a strain value of 0.015, which is sufficient to represent the trend of the post peak behavior (Fanella and Naaman 1985, Ezeldin and Balaguru 1992) . Using this definition, the toughness ratios T.R .cf were found for all the specimens of the study and are presented in Table 3 . To further characterize the deformability of fibre reinforced high strength concrete, a post peak strain, ' 85 . 0 cf ε , (axial strain at which the stress drops to 85% of the peak stress) was also computed for all the specimens ( Table 3) .
The discussion presented below focuses on the stressstrain behavior in compression of crimped steel fibre reinforced high strength concrete, comparing the effects of the fibre volume fraction, aspect ratio of fibre, mixed aspect ratios of fibres and concrete strength. 
Effect of variables
The typical uniaxial compressive stress-strain curves of fibre reinforced high strength concrete showing the effect of the volume fraction and aspect ratio of fibres are given in Figs 4 and 5 for both concrete mixes. These curves clearly show that the peak and the post peak segments of the stress-strain curve are affected extensively by the addition of fibres with almost no effect on the ascending part. A perusal of all the stress-strain curves indicated that the slope of the descending part decreases with an increase in the fibre content at a constant aspect ratio and with an increase in the aspect ratio for a constant volume fraction. It was observed that the addition of steel fibres increased the maximum strength, ' cf f and the corresponding peak strain, ' ε ) for both concrete mixes as the volume fraction of fibres is increased from 0.5% to 2.0% and the aspect ratio is changed from 20 (100% short fibres) to 40 (100% long fibres). It was noticed that the gain in the peak strain, ' cf ε was considerably more pronounced than that in the peak stress, ' cf f . The percentage increase in the maximum strength, ' cf f , over plain concrete, increased from 6.6% to 17.41% and 0.84% to 11.37% with the increase in the fibre volume fraction from 0.5% to 2.0% for the specimens with 100% short fibres and 100% long fibres, respectively, for Mix 1. Similarly the percentage increase in maximum strength, ' cf f , over plain concrete, increased from 1.34% to 13.48% and 0.7%% to 7.18% with the increase in the fibre volume fraction from 0.5% to 2.0% for the specimens with 100% short fibres and 100% long fibres respectively for the higher strength mix i.e. Mix 2. This shows that the percentage increase in peak stress, ' cf f , increased with increase in the fibre volume fraction at a constant aspect ratio, whereas it decreased slightly at the constant volume fraction with increase in the aspect ratio from 100% short fibres to 100% long fibres. This is probably due to the fact that short fibres become active earlier than longer fibres to control the initiation and propagation of initial micro-cracks. For a given volume of fibres added to the matrix, the short fibres are greater in number and therefore much closer together. Short fibres thus influence to a greater degree the early part of matrix cracking, thereby enhancing the strength of the composite as compared to longer fibres.
The percentage increase in peak strain, ' cf ε , with respect to plain concrete increased from 9.31% to 57.27% and 10.34% to 77.14% with the fibre volume fraction (0.5% to 2.0%) for the specimens with 100% short and 100% long fibres, respectively, for Mix 1. It increased from 3.79% to 40.5% and 6.01% to 56.23%, respectively, for the specimens with 100% short and 100% long fibres for Mix 2. The percentage increase in peak strain was observed to increase with increase in fibre content for the same aspect ratio and with increase in aspect ratio for the same volume fraction of fibres, although it was more marked in the case of 100% long fibre specimens than in the case of 100% short fibre specimens. This may be due to the fact that the short fibres begin to pull out once the micro cracks start coalescing into macro cracks around the peak, thus providing lesser effect thereafter compared to longer fibres, which are now contributing to arrest these macro cracks. The effects of volume fraction and the aspect ratio of fibres on the toughness ratio, T.R. cf , are shown in Figs 10 and 11 for Mix 1 and Mix 2, respectively. It may be noted that the fibre volume fraction and aspect ratio of fibres markedly influence the toughness of concrete, which is a measure of ductility. In general, percentage increase in the toughness ratio, T.R. cf , with respect to that for plain concrete, T.R. c , increased with increase in the fibre volume fraction and aspect ratio of fibres, but concrete with fibres of a higher aspect ratio (long fibres 
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only) has greater toughness compared to concrete with fibres of a lower aspect ratio (short fibres only). This may be attributed to the fact that under increasing loads, once the cracks become quite wide in the post-peak region, the short fibres are pulled out and their structural role is relatively diminished compared to the longer fibres. The longer fibres can, however, arrest the propagation of these macro-cracks, and by their gradual pull out mode of failure, substantially improves the toughness of the composite. The percentage increase in toughness ratio, T.R. cf , was found to increase from 14.03% to 89.79% and from 20.15% to 102% with the increase in the fibre volume fraction from 0.5% to 2.0% for the concrete with 100% short and 100% long fibres respectively, for concrete Mix 1. Corresponding percentage increases in toughness ratio from 15% to 76.83% and from 22% to 94.5%, respectively, were observed for the specimens with 100% short fibres and 100% long fibres in the case of concrete Mix 2 specimens. Similar to toughness ratio, T.R. cf , the post-peak strain, increased with an increase in the fibre volume fraction for the same aspect ratio and with an increase in the aspect ratio for a constant fiber content. A maximum percentage increase of 177% in strain with respect to plain concrete was observed for the L2b specimen having 2% volume fraction of longer fibres for concrete Mix 1. On the other hand, in the case of higher strength concrete Mix 2, a maximum percentage increase of 87% was noticed in the U2d specimen having 65% of long fibres and 35% of short fibres.
The effect of mixed aspect ratio on the compressive stress-strain behavior of fibre reinforced high strength concrete was also studied by blending the long and short fibres in various proportions by weight at a constant total fibre volume fraction as described earlier. Figures  12 and 13 show the typical experimental stress-strain curves for the different mixed aspect ratios. The per- , and toughness ratio, T.R. cf , as compared to that for the plain concrete for various mixed aspect ratios of fibres, are schematically shown in Figs. 14 to 16. Based upon these results, it may be inferred that for a given total fibre content of blended fibres, as the amount of short fibres increases, the peak stress increases and the gain in toughness ratio decreases whereas, as the share of longer fibre increases the relative gain in the post peak toughness increases with a decrease in peak stress. It was observed that in the case of the U1.5d and U2.0d specimens (65% long fibres + 35% short fibres), the toughness ratios, T.R. cf , were even greater than those of the U1.5e and U2.0e specimens (100% long fibre specimens), respectively. This indicates that the combined use of short and long fibres created a better energy dissipation mechanism, the short fibres contributing at the early stage of cracking when the cracks were small in nature and the longer fibres effectively bridging the wider cracks at the later stage. Therefore, it is postulated that an advantage can be obtained using mixed aspect ratio of fibres by judiciously mixing short and long fibres to incorporate in the composite the specific advantages offered by each type of fibre.
The effect of concrete strength on the stress-strain behavior of fibre reinforced high strength concrete could be studied by comparing those specimens of Mix 1 and Mix 2, that have a similar volume fraction and aspect ratio of fibres. Figure 17 depicts one such representative stress-strain comparison. It is interesting to observe that, the greater the strength, the greater the brittleness, because the post-peak part of the curves becomes steeper as the concrete strength increases. The results also indicated that the percentage increase in peak stress, ' cf f , corresponding strain, ' cf ε , and the toughness ratio, T.R. cf , over plain concrete in the case of Mix 2, i.e. the higher strength mix, were comparatively less marked compared to Mix 1, which is the lower strength mix. This suggests that Mix 2 requires more fibres to acquire the same ductility as that provided by the Mix 1 fibrous concrete. Thus, the same percentage of fibres had different effects on the behavior of two mixes with different concrete strengths.
Failure modes
The typical failure modes of some of the specimens are shown in Fig. 18 . These failure modes were observed for plain high strength concrete and the fibre reinforced high strength concrete specimens. In the case of plain concrete cylinders the failure was due to tensile splitting and was brittle. On the other hand, when fibres were added, the mode of failure was a combination of shear failure and tensile splitting. In the case of specimens where only short fibres were present, the failure was essentially due to tensile splitting and cracks propagated parallel to the loading direction. This confirms that short fibres are mainly effective in arresting early small cracks and make a comparatively lesser contribution to Fig. 14 % increase in peak stress and toughness ratio at different mixed aspect ratios (mix 1, Vf = 1.5%). post-peak ductility. However, as the amount of long fibres increased the failure mode was marked by the bulging of the specimen in the lateral direction, with cracking along the outer surface thus, improving the ductility of the high strength concrete. Figure 18 shows such failure modes for Mix 2 specimens in the plain state (UP) and with the addition of fibres (U1.5a, U1.5c and U1.5e). This figure clearly shows that as the amount of longer fibres increased, the failure mode changed from the tensile splitting type to the bulging type. In the case of lower high strength concrete mix (Mix 1), the same mode of failure was observed, but the behavior of the concrete was more ductile for the same fibre content and aspect ratio.
Analytical model
An analytical model for the complete stress-strain curve of steel fibre reinforced high strength concrete is essential for the analysis and design of fibre reinforced concrete structural members. Several empirical stress-strain relationships for fibre reinforced concrete in compression have been reported in the literature (Fanella and Naaman 1985 , Ezeldin and Balaguru 1992 , Nataraja et al. 1999 , Hsu and Hsu 1994 , Mansur et al. 1999 , Mohammadi and Kaushik 2003 . However, most of them were developed for normal strength concrete and only a few are applicable to high strength fibrous concrete. The common parameters with physical significance used to define the stress-strain curve of fibre reinforced concrete include ' cf f = peak stress of fibre concrete, ' cf ε = strain corresponding to the peak stress Carreira and Chu (1985) for plain concrete and later used by Ezeldin and Balaguru (1992) and Hsu and Hsu (1994) for steel fibrous concrete is modified here to predict the complete stress-strain curve for steel fibre reinforced high strength concrete as:
where cf f and cf ε = any stress and strain values on the curve, β = material parameter that, depends upon the shape of the stress-strain diagram, and 1 k and 2 k = also material parameters that depend upon the strength of the In the past, many researchers have used the Carreira and Chu (1985) equation to model the stress-strain behavior of fibrous concrete, but with different parameter values. A study reported by Ezeldin and Balaguru (1992) employed a similar expression to predict the stress-strain curve of hooked end steel fibre reinforced concrete. The value of a material parameter β was evaluated from the physical property of the curve, i.e. the slope of the inflection point in the descending side. Nataraja et al. (1999) and Mohammadi and Kaushik (2003) also used similar expressions to model the stressstrain curve of crimped steel fibre normal strength concrete and the same definition for parameter β . Hsu and Hsu (1994) modified the original Carreira and Chu (1985) expression to make it suitable for hooked end steel fibre reinforced high strength concrete. They proposed a factor n, which is to be multiplied by β in the numerator and denominator of the equation to properly predict the descending portion of the curve. Later, Campione (2002) also followed a similar procedure to model the stress-strain behavior of fibre reinforced high strength concrete. A comparative study of the existing stress-strain models indicated that none of the earlier models correctly predicted the descending portion of the stress-strain curves when applied to the present test data of flat crimped steel fibre high strength concrete. One such comparison is given in Fig. 19 . Therefore, two correction factors, 1 k and 2 k , are introduced in this study to correctly predict the softening branch of the stress-strain curve. The factor 1 k is applied to β values in the numerator and in the first term of the denominator, while 2 k is applied to β in the exponent of the last term of the denominator. The values of 1 k and 2 k are to be taken as unity for the ascending portion of the curve.
In stress-strain modeling of fibre reinforced concrete, the parameters of the stress-strain curve are usually related to the reinforcing index, R.I., because the fibre content, length and diameter of fibres are normally known (Fanella and Naaman 1985 , Ezeldin and Balaguru 1992 , Nataraja et al. 1999 . In the present study, the parameters of the proposed equation are also related to the reinforcing index, R.I of fibres, where
Here f w is the weight fraction of fibres, f l is the length of the fibres and d is the equivalent diameter of the fibres. A best-fit statistical analysis was performed to calibrate the various parameters. In the case of a mixed aspect ratio of fibres, the R.I. cannot be computed by simply adding the reinforcing indices of the short and long fibres because the present study has indicated that short fibres contribute more to strength than to toughness, whereas long fibres are more effective in providing post-peak toughness. Thus, the various parameters were calibrated in terms of both the reinforcing indices of short fibres (R.I.) s and long fibres (R.I.) l to incorporate the effect of mixed aspect ratios. A nonlinear multiple regression based upon the least squares method was employed to get the best fit of data points. The test results showed that β is a function of peak stress of fibrous concrete and the reinforcing index of fibres. The regression analysis of the experimental results gave the following relationships for parameter β :
where, parameters A (MPa) and C (dimensionless) are defined as: For the ascending portion of the curve:
For the descending portion of the curve:
where D (MPa) and G (MPa) are given as: where T.R .c is the toughness ratio of plain high strength concrete. Knowing the parameters of plain high strength concrete and the reinforcing indices of short (R.I.) s and long (R.I.) l fibres, all the parameters of the proposed expression for the stress-strain curve of fibrous concrete can be estimated using expressions (3) to (11). The values of these parameters are then inserted in equation (1) to generate the complete stress-strain curve of crimped steel fibre reinforced high strength concrete. 
Summary and conclusions
A total of 81 cylindrical specimens (100 x 200mm) were tested in this study to generate the complete stress-strain curves of flat crimped steel fibre reinforced high strength concrete under compression. From the test data presented and discussed here, the following conclusions may be made. The addition of steel fibres to high strength concrete changes the basic characteristics of its stress-strain behavior. Compared with plain concrete, the ascending portion of the stress-strain curve changes slightly, but the descending portion changes remarkably. The slope of the descending part decreases with an increase in the fibre content at a constant aspect ratio and with an increase in the aspect ratio for a constant volume fraction of fibres. The gain in the peak stress, ' cf f , over plain concrete increases with an increase in the fibre volume fraction at a constant aspect ratio, whereas it decreases for a constant volume fraction with an increase in the aspect ratio. While, both the peak strain, ' cf ε , and toughness ratio, T.R. cf increase with increases in the fibre content and aspect ratio of fibres, their percentage gains with reference to plain concrete are more marked in the case of longer fibres. It is concluded that short fibres are more effective in controlling early cracking, thereby enhancing the strength of the composite, while long fibres are more effective in providing post peak toughness. It was observed that if the fibres of two different lengths, i.e. short and long fibres, are blended together at some optimum mix proportions by weight for the given total fibre content, better overall performance in terms of crack arresting capability, strength of the composite and post-peak toughness of fibrous concrete can be achieved compared to the case of a single aspect ratio. It is also concluded that the improvements in strength and ductility of concrete due to the addition of fibres decrease as the strength of concrete increases. Therefore, it can be concluded that high strength concrete requires an increased quantity of fibres to achieve the same ductility as that provided by a certain amount of fibres in the case of normal strength concrete. The study shows that the failure mode of high strength concrete is improved from tensile splitting to lateral bulging by the addition of fibres.
Analytical expressions have been proposed to predict the complete stress-strain curve of crimped steel fibre reinforced high strength concrete under unconfined compression, and good agreement has been achieved between the predicted and the experimental stress-strain curves.
